Two case-control studies were designed to investigate the contribution of the geometry and bone mineral density (BMD) of the proximal femur to bone strength in Japanese elderly women. We also investigated whether clinical CT is useful to assess the risk of hip fracture. Subjects in the neck fracture study included 20 Japanese women with neck fracture (age: mean±SD; 80.1±4.5 years old) and 20 age-matched control women was used to analyze data for BMD, geometry, and biomechanical parameters. Both the neck and trochanteric fracture cases had significantly lower total and cortical BMD, a significantly smaller cortical cross-sectional area (CSA) and a larger trabecular CSA.
higher BR, and women with trochanteric fracture had a significantly smaller cortical CSA of the femoral neck. We conclude that clinical CT may be useful for the assessment of the risk of neck and trochanteric fracture.
INTRODUCTION
The incidence of vertebral fracture increases linearly with aging and significantly correlates with bone mineral density (BMD). The incidence of hip fracture, on the other hand, rises exponentially with aging, suggesting that age-related factors other than BMD contribute greatly to the fragility of the proximal femur.
Three-dimensional (3D) analysis of the proximal femur is difficult, because of the complicated structure and bone density distribution in this region. Hip structure analysis (HSA) 1) is a clinically useful approach to assess BMD and geometry on the basis of dual X-ray absorptiometry (DXA) data, and biomechanical indices are derived from these geometrical parameters. In a large prospective population-based study with 147 incident hip fractures, baseline BMD and geometry of the proximal hip were analyzed by HSA 2) , and it was found that hip fracture cases had lower BMD, thinner cortices, greater bone width, lower strength, and higher instability at baseline. However, there are several limitations to the HSA program; most of the geometrical parameters of HSA depend on assumptions about the shape of the cross-section and fixed percentages of cortical bone, and all of the geometrical parameters are derived from bone density. A recent study on DXA-based HSA in a large population-based cohort 3) concluded that HSA was prognostically equivalent, but not superior to BMD, in hip fracture prediction.
Volumetric quantitative computed tomography (QCT) has become an increasingly useful clinical research tool for analyzing hip geometry and measuring volumetric BMD [4] [5] [6] [7] . Recently, multi-detector row CT (MDCT) has been applied to obtain 3D isometric volumetric data to perform multiplanar reconstruction at an optimal location and to calculate the geometrical parameters 8) . 3D CT data are advantageous to obtain cross-sectional images of the femoral neck (FN) as well as appropriate axes of the FN 6 and femoral shaft. There are still some difficulties in the CT analysis of bone geometry, for example, in defining the threshold values for separating the cortex from the spongiosa, the need to avoid partial volume effects and the requirement of algorithms to contour the cortex of the voxel data.
The details of cross-sectional neck geometry have been investigated by means of cadaver or biopsy samples using high resolution (200 microns) peripheral QCT (HR-pQCT) [9] [10] [11] . However, there have been only a few reports on the in vivo assessment of hip geometry in relation to fracture risk determination 7) . Two case-control studies (neck and trochanteric fracture) were designed to investigate the contribution of the geometry and BMD of the proximal femur to bone strength in Japanese elderly women. Additionally we also investigated the potential application of clinical CT for the evaluation of hip BMD and geometry. Table 2 ). For the case subjects, CT examination of the proximal femur was performed between the date of admission and the date of surgery. The CT data on the control subjects were obtained in 2008. All the data were obtained at either the Nagasaki University Hospital or the National Center for Geriatrics and Gerontology Hospital.
METHODS

Subjects
The study was reviewed and approved by the Internal Review Boards at both Nagasaki University Hospital and the National Center for Geriatrics and Gerontology.
Written informed consent to participate was obtained from all subjects.
CT data acquisition
The MDCT scanners used were an Aquilion 16 (Toshiba Medical Systems Corporation, Tokyo, Japan) at Nagasaki University Hospital and a SOMATOM Cardiac 64 (Siemens, AG, Germany) at the National Center for Geriatrics and Gerontology equivalent density range from -50mg/cc to 375mg/cc, was used. The linear correlation (y=-6.4 + 1.03 x (r=0.9998, p<0.0001)) was considered sufficient to pool all data from the two institutes together.
Analysis of BMD and geometry obtained by CT
BMD as well as bone geometry of the proximal femur was analyzed by M.I using commercial software (QCT PRO; Mindways Software, San Francisco, CA, USA).
BMD, bone mass, the bone area as well as hip axis length (HAL), the femoral neck angle (FNA) and neck width were calculated. FNA was defined as the angle between the axis of the FN and the axis of a cross-section of shaft, and the neck shaft angle (NSA) was calculated as FNA plus 90 degrees. In the cross-sectional FN, BMD and the cross-sectional area (CSA) of the total/cortical/trabecular regions, and cortical thickness, cortical perimeter, curvature (reciprocal of radius of curvature), and distance to the center of the bone mass (distance to CM) were obtained ( Fig. 1) . Fig. 1 
(E) indicates
16 sector points and lines on the basis of the center of the mass to calculate the distance to CM. As biomechanical parameters, the cross-sectional moment of inertia (CSMI) depending on the principle axis ( Fig.1 ) and the buckling ratio (BR) were calculated from these BMD and geometry data. BR was calculated as the distance to CM divided by the average cortical thickness in this study. The reproducibility (% coefficient of variation) of the analysis by the QCT PRO program was calculated using five repeated analyses with visual matching each time from ten healthy subject CT data sets without visible artifact; total BMD 1.62%, cortical BMD 5.17%, trabecular BMD 1.57%, total mass 2.73%, total area 3.53%, cortical area 0.83%, trabecular area 4.67%, FN width 1.79%, HAL 2.11%, NSA 5.70%, cortical perimeter 1.61%, cortical thickness 7.25%, and distance to CM 2.02%.
Statistical analysis
Data were analyzed using the Statistical Analysis System Version 9.1.3 (SAS Institute Inc. Cary, NC). The student t-test was used to determine the significance of differences between fracture cases and controls. A logistic regression model was used to explore the simultaneous effects of bone parameters on fractures. Starting with a full model, including variables that showed a p-value of less than 1.0 in the univatiate analysis, the most appropriate model was selected on the basis of Akaike's information criteria (AIC). The odds ratio (OR) and the 95% confidence interval (CI) were calculated for each covariate included in the model. Table 1 shows the univariate comparisons of variables between the femoral neck fracture cases and the controls. Case subjects had significantly lower total and cortical BMD, larger total and trabecular CSA, smaller cortical CSA, smaller cortical thickness, shorter distance to CM, lower CSMI, and higher BR, compared to the control subjects.
RESULTS
HAL was marginally longer in the case subjects compared to the control subjects, while NSA did not significantly differ between the cases and controls. Tables 3 and 4 show the results of multiple logistic regression analysis for neck fracture and trochanteric fracture. For neck fracture, a higher BR was significantly associated with risk of fracture. Longer HAL and smaller CSMI were marginally associated with risk of neck fracture (Table 3) . For trochanteric fracture, smaller cortical CSA was significantly associated with risk of fracture (Table 4) . NSA was not significantly associated with risk of trochanteric fracture.
DISCUSSION
Since it is generally recognized that, compared to neck fracture, trochanteric fracture occurs in subjects with a lower BMD and in more elderly subjects, it is preferable to analyze the neck fracture and trochanteric fracture, separately. We designed a study to investigate the characteristic geometrical factors predisposing to neck and trochanteric fracture on the basis of independent two case-control studies, and the geometry and BMD of the proximal femur were analyzed using clinical CT.
According to the multiple logistic regression analysis, a greater BR, an approximate index of cortical instability, was associated with neck fracture. A lower CSMI, a classical biomechanical parameter of bending stress, and a longer HAL were marginally associated with neck fracture. These biomechanical findings indicate that neck fracture is predisposed to both cortical instability and bending load. Upon falling, a femoral neck with a longer HAL is considered to tend to be provoked into local buckling due to the bending load.
The usefulness of BR in the prediction of hip fracture using DXA-based HSA has been controversial [2] [3] . In the present CT-based HSA study, BR was calculated as the distance to the CM divided by the average cortical thickness. The biomechanical parameter of BR was significant in relation to neck fracture (OR=2.56 (95%CI 1.21, 5.43), p<0.01), indicating that buckling leads to neck fracture when these two geometrical indices interact. As it is well known that buckling occurs in long bones having a thin wall, a thin cortex may be involved in the risk for neck fracture. Since it is difficult to measure cortical thickness (which will be discussed later), the measure of cortical thickness might have a lower power of prediction in the risk of hip fracture. BR has been proved useful in predicting the risk of fracture, and it includes two important geometrical indices related to bone strength.
The multiple logistic regression analysis demonstrated that the cortical CSA was significantly correlated with trochanteric fracture. Cortical CSA has been demonstrated to be an estimator of compression strength 3) . Trochanteric fracture may be more closely associated with a weakness for compression load, while neck fracture more with a weakness for bending load
In both neck and trochanteric fracture, the cortical and total BMD values were significantly different from the respective values in control women, while these BMD values were not selected in the multiple logistic regression analysis. This indicates that BMD values have no strong influence on neck fracture or trochanteric fracture after taking various geometrical parameters into consideration. The results of comparisons between groups showed that the t-values of the BR in neck fracture was greater than that of total BMD (see Table 1 ), and that the t-value of cortical CSA was similar to that of total BMD (see Table 2 ), which may in part explain these findings.
Among the geometrical parameters, HAL [12] [13] [14] and NSA [15] [16] [17] have been under investigation for years in relation to hip fracture, using radiographs and DXA data. It is difficult to maintain a good positioning of the hip joint so as to be able to analyze the geometry using such techniques as HAL and NSA in the radiographs and DXA after hip fracture, since the legs are usually abducted and outwardly rotated 18) . If the measurement is performed after an operation, the parameters are influenced by the effect of limb disuse. In this respect, CT scanning has the advantage of not being influenced by leg positioning 19) . Three-dimensional CT evaluation is capable of high reproducibility in assessing the efficacy of anti-osteoporotic agents on the individual trabecular and cortical BMD, as well as making a precise measurement of geometrical properties.
Another advantage of CT examination is the capacity to obtain FN cross-sectional images, including both cortical thickness in local regions and distance to CM. Ex vivo study demonstrated that the local difference in cortical thickness and density in the cross-sectional FN was important in terms of the biomechanical properties of the proximal femur 9) . The DXA-based HSA also provides the distance to CM based on projectional data, and a measurement of biomechanical parameters on the basis of its architectural distribution from 2D images, however, it might be useful as a complementary or alternative approach to provide relevant information not evident in the volume-averaged BMD measurement.
The analysis of thin cortex using clinical CT is challenging; the voxel size is not small enough to define such a thin cortical contour and hence cannot measure the cortical thickness. Because of a partial volume effect, the decrease in cortical BMD tends to be overestimated. In the present study using clinical CT, a few cases with extremely thin cortex exhibited "bone defects" (i.e. areas with zero bone density) in the posterior region of FN. We calculated these defects as a thickness of "zero", and therefore may have overestimated the reduction in cortical thickness.
We conclude that clinical CT may be a useful tool for the assessment of the risk of neck and trochanteric fracture. Women with neck fracture had a higher BR, longer HAL and lower CSMI, while women with trochanteric fracture had a smaller cortical cross-sectional area of the femoral neck. Since our sample size was small, larger studies are needed to ultimately determine the relationship of hip geometry using clinical CT to hip fracture risk. Values are means ± standard deviation.
BMD: bone mineral density, CSA: cross-sectional area, CM: center of bone mass, CSMI:
cross-sectional moment of inertia, BR: buckling ratio Values are means ± standard deviation.
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